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(33)

2.4

Table 2.4 Harmonics regulation guideline 

Harmonic order Limit of current 

n IL [ (230/Vnom)] 2

Odd number of harmonics 

3 2.30  

5 1.14  

7 0.77  

9 0.40  

11 0.33  

13 0.21  

15 n 39 0.15× 15/n

Even number of harmonics 

2 1.08  

4 0.43  

6 0.30  

8 n 40 0.23× 8/n

*2 [ (230/Vnom)] Vnom 220V 230V 240V



2 IH

33 

vin

DB

iin

CDC

HF-
Inverter

&
IH Load

vdc

Lc

Choke coil

0

vin
iin

0

vdc

(a) Choke input system 

vin

0

vdc

DB

iin L1

C1

HF-
Inverter

&
IH Load

L2

Non-smoothing filter

vdc

0
iin

vin

(b) Non-smooth system 

vin

DB

iin

CDC

HF-
Inverter

&
IH Load

vdc

Lf

LPF

PFC
Converter

Cf

0
iin

vin

0

vdc

(c) PFC converter system 

2.19

Fig. 2.19 Harmonic regulation systems in home appliances 



2 IH

34 

2.6

IH

MOS-FET, IGBT, 

(34)

1

(35)



2 IH

35 

2.6.1

2.20

S

0 swsw
S

S (t)(t)1 T
dtiv

T
P       (2-21) 

TS fsw

SW
S

1 f
T

       (2-22) 

vsurge isurge

isw

Turn off Turn on

vsw

Conduction
losses

Tail current
(IGBT)

Voltage surge

Current surge

Switching
losses

2.20

Fig. 2.20 Hard switching operation waveforms 



2 IH

36 

t
IL

dt
diLv SWSW

surge       (2-23) 

t
VC

dt
dvCi SWSW

surge       (2-24) 

(2-23) L ESL (Equivalence Series 

Inductance) (2-24) C

2

t

dv/dt di/dt

2.21

SOA (Safe Operating Area)
(36)

IH CISPR11

ON

OFF

isw

vsw0

SOA
(Safety Operation Area)

2.21  ( ) 

Fig. 2.21 Voltage and current locus of switching device (Hard-switching) 



2 IH

37 

2.6.2

LC

(37)~(39) 3

 (Zero Voltage Switching: ZVS) 

 (Zero Current Switching: ZCS) 

& (Zero Voltage & Zero Current Switching : ZVZCS) 

ZCS
2.23 ZCS

2.22 (a) 

ZVS

2.22 (b) 
ZVS

2.23
DC-DC

ZVZCS

ZVZCS
2.24



2 IH

38 

(a) ZCS (b) ZVS

2.22

Fig. 2.22 Soft-switching component 

isw

vsw

Conduction
losses

Diode
current

Switch
current

Turn on

isw

Turn off

vsw

Tail current
(IGBT)

Switching
losses

Conduction
losses

(a) ZVZCS turn-on                      (b) ZVS turn-off 

2.23

Fig. 2.23 Soft-switching operation waveforms 



2 IH

39 

2.7 IH

1 2 IH
IH

3
(1) IH
(2)
(3)

IH

PFC (Power Factor Correction) 2
IH PFC

IH
IH PFC

(40) 1 2.25 (a)

ON

OFF

isw

vsw0

SOA
(Safety Operation Area)

2.24  ( ) 

Fig. 2.24 Voltage and current locus of switching device (Soft-switching) 



2 IH

40 

(a) Free-zone heating 

(b) Multi-burner  

2.25
Fig. 2.25 Multi-output 

(41)~(43)

2.25(b) IH 1

(44)~(50) 1



2 IH

41 

2.8

IH IH

IH

(1) IH
(2)
(3)



2 IH

42 

[ ] 

(1) IH (2010) 
CASE10-07Panasonic(IH).pdf 

(2)
, 1-S12-1, pp. 81-86 (2010) 

(3) IH , , 125 , 4
(2005) 

(4) IH
n-20060510_1.pdf 

(5) Takaaki Takahara, Yuki Kawaguchi, Eiji Hiraki, Toshihiko Tanaka, Kazunori Nishimura: 
A Novel Soft Switching Three-Phase Utility Frequency AC to High Frequency AC Direct 

Power Converter with PFC Function for Industrial IH Appliance , The 8th IEEE 
International Conference on Power Electronics and Drive Systems (PEDS), Taipei, 
Taiwan, 2009 

(6) Dong-Yun Lee and Dong-Seok Hyun: A New Hybrid Control Scheme Using 
Active-Clamped Class-E Inverter with Induction Heating Jar for High Power 
Applications , Journal of Power Electronics, Vol. 2, No. 2, 2002 

(7) pp.278-282 pp.218-226 (1999) 
(8)

pp.2-10 (1977) 
(9) pp.161-167 

(1990) 
(10) T. Tanaka: A New Induction Cooking Range for Heating Any Kind of Metal Vessels

IEEE Trans. Consumer Electronics Vol.35 No.3 pp.635-641 (1989) 
(11) Takaaki Takahara, Masayuki Okamoto, Eiji Hiraki, Toshihiko Tanaka, Tamotsu 

Hashizume, Tetsu Kachi: 
Three-Phase Utility Frequency AC to High Frequency AC Direct Power Converter with 

The 14th International Power Electronics 
and Motion Control Conference (EPE-PEMC), T6, pp. 54-60 (2010) 

(12) Nabil A. Ahmed: High-Frequency Soft-Switching AC Conversion Circuit With 
Dual-Mode PWM/PDM Control Strategy for High-Power IH Applications , IEEE 
Transactions on Industrial Electronics, Vol. 58, No. 4 (2011)  

(13) Yuki Kawaguchi, Eiji Hiraki, Toshihiko Tanaka and Mutsuo Nakaoka: Basic Study of a 
Phase-Shifted Soft Switching High-Frequency Inverter with Boost PFC Converter for 
Induction Heating , Journal of Power Electronics, Vol. 8, No. 2, pp.192-199 (2008) 



2 IH

43 

(14)  (1997) 
kpeng_j.pdf 

(15) PAM
D, Vol. 117, No. 9, pp. 1077-1084 (1997) 

(16) ZVT
D, Vol. 133, No. 2, pp.246-247 (2013) 

(17) , JP 2009-27895 (2009) 
(18)

A Vol.125, No.5, pp.427-433 (2005) 
(19) A. Fujita, I. Hirota, Y. Kawahara, and H. Omori: Development and Evaluation of 

Intermediate Frequency Magnetic Field Exposure System for Studies of In Vitro Biological 
Effects , Bioelectromagnetics, Vol.28, No.7, pp.538-545, 2007 

(20)
Vol.129 No.1 pp.32-35 (2009) 

(21) IH , Vol. 125, No. 
4, pp. 221-224 (2005) 

(22) JP 2002-75620 (2002) 
(23) 3 3 46 7
(24)

, 1-40, pp. 303-304 (2006) 
(25) A. Fujita, H. Sadakata, I. Hirota, H. Omori, and M. Nakaoka: Latest Developments of 

High-Frequency Series Load Resonant Inverter Type Built-In Cooktops for Induction 
Heated All Metallic Appliances , IEEE 6th International Power Electronics and Motion 
Control Conference, pp. 2537-2544, 2009 

(26) KIKUSUI ELECTRONICS CORP.
pp.1-7 (2000) 

(27)
D Vol.115 No.9 pp.1089-1091 (1995) 

(28) D
Vol.115 No.9 pp.1092-1094 (1995) 

(29) 2 3
D, Vol. 118, No. 1 (1998) 

(30) IEC61000-3-2, Electromagnetic compatibility (EMC)-Part3-2: Limits-Limits for 
harmonic current emissions (equipment input current 16A per phase) , 2005 



2 IH

44 

(31) JISC-61000-3-2 - 3-2 - (1
20A )  (2005) 

(32) , pp. 127-132 (2013) 
(33) -

- 785
(34) PSIM

pp. 17-18 (2007) 
(35)

ZVS-PWM
C, Vol. J86-C, No. 6, pp. 608-615 (2003) 

(36) EMC , Vol.6, No.3, 
pp.198-204 (2003) 

(37)
D, Vol.125, No.11, pp.955-963 (2005) 

(38) , Vol.125, No.12
pp.754-757 (2005) 

(39)
 (2008) 

(40) IH
, No4-077 pp.134-135 (2009) 

(41) O. Lucia, J. M. Burdio, L. A. Barragan, J. Acero, and I. Millian: Swries-Resonant 
Multiinverter for Multiple Induction Heaters , IEEE Trans. Power Electron., Vol. 24, no. 
11, pp.2860-2867 (2010) 

(42) O. Lucia, J. M. Burdio, L. A. Barragan, C. Carretero, and J. Acero: Pulse Delay Control 
Strategy for Improved Power Control and Efficiency in Multiple Resonant Load Systems , 
The 37th IEEE Industrial Electronics Society, pp. 2470-2475 (2011) 

(43) O. Lucia, C. Carretero, J. M. Burdio, J. Acero, and F. Almazan: Multi-Output Resonant 
Matrix Converter for Multiple Induction Heaters , IEEE Trans. Industry Applications, Vol. 
48, No. 4, pp.1387-1396 (2012) 

(44) S. Zenitani, M. Okamoto, E. Hiraki and T. Tanaka: 
The 14th

International Power Electronics and Motion Control Conference, pp.T2.127-133, 2010 
(45) Hector Sarnago, Magdy Saoudi, Arturo Mediano, Diego Puyal, and Oscar Lucia: Hybrid 

Full/Half Wave Inverter Designed for Low Cost Induction Heating Appliances , The 37th

Annual Conference on IEEE Industrial Electronics Society, pp. 2539-2544, 2011 



2 IH

45 

(46) JP 2010-73384 (2010) 
(47) JP 2010-282739 

(2010) 
(48) Garcia Martinez, Joes Andres: Flexible and re-configurable , EP 0 817 531 B1
(49) Daniel Anton Falcon, Joes Miguel Burdio Pinilla, Garcia Jimenez, Sergio Llorente Gil, 

Fernando Monterde Aznar, Diego Puyal Puente: COOK-TOP HAVING AT LEAST 
THREE HEATING ZONES , US20110240632A1

(50) Maria Carmen Artal Lahoz, Jose-Ramon Garcia Jimenez, Ignacio Garde Aranda, Oscar 
Lucia Gil, Ignacio Millan Serrano, Daniel Palacios Tomas, Ramon Peinado 
Adiego: COOKTOP HAVING DETECTION ASSEMBLY AND METHOD FOR 
OPERATING A COOKTOP , US20120024835A1



2 IH

46 



3





3

47 

3

3.1

1 2 IH
AC DC PFC

IH
IH

IH

2 1

2

2 (Frequency Doubler Mode: FDM)

(Fundamental Frequency Mode: FFM)

IH

3.2

3.1
R0, L0 E 2

1 (INV1, INV2)
(1) ~ (3) 2 ( )

1/2
L0, R0 IH

CS1, CS2 C1,
C2, CC1, CC2 3.2

SSR(Solid State Relay) RY CC1 CC2

fr fsw 2  ( fsw = 2fr )  ( fsw = fr ) 
3.3 Q1

Q2

IH
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FFM
3.2.1

FDM FFM C1, C2

3.4 Q1 Q2 180 ° FDM
D (Duty factor) Q1, Q2 0.5

S

on

T
tD   (TS: )     (3-1) 

3.5

E

L1 L2
C2C1

Q1
(S1/D1)

CC2

Cs1 Cs2
L0

R0

Q2
(S2/D2)

CC1

iR

iL1 iL2

iR1 iR2

INV1
INV2

RY

3.1 
Fig. 3.1 Time-sharing high-frequency inverter 
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CC

CC

Rectifier

fout=50kHz

fout=100kHz

High
Frequency

Inverter

fsw = 50kHz

CDC

50 /60Hz

vin

All metal
IH Load

L0 R0

iR

E
Time-sharing

Resonant

3.2
Fig. 3.2 Proposed system configuration for all-metal correspondence 

E

L2

Q2

R0

L0

CC
E Q1

L1

CS1 CS2

3.3 C1, C2  (Q1 is on, Q2 is off) 
Fig. 3.3 Current path in the case of not connecting C1 and C2 (Q1 is on, Q2 is off) 

<Mode1> : (t0 t < t1) 
Q2 ZVS iQ2 CS2 L2

C2, CS2 D1 C1

CC1 R0-L0-CC1-C1-L1-L2-CS2

<Mode2> : (t1 t < t2) 
iR1 iR C1, CC1 C2, CS2

Q1 SG1 D1 D1-C1-CC1-L0-R0

E-L2-C2-CC1-L0-R0
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<Mode3> : (t2 t < t3) 
iCS2 CS2 C1, CC1 C2

iQ1 Mode1~3 Q1

D1-C1-CC1-L0-R0, E-L1-C1-CC1-L0-R0, CS2-L2-L1-C1-CC1-L0-R0 CS2-C2-CC1-L0-R0

<Mode4> : (t3 t < t4)  
iQ1 S1 ZVZCS CS2 C1, CC1

C2 L1

CS2-C2-CC1-L0-R0 CS2-L2-L1-C1-CC1-L0-R0

<Mode5> : (t4 t < t5) 
iR1, iR2, iR CC1, C1 C2 CS2

S1-R0-L0-CC1-C1 Q1

Mode6

Mode6~10 Mode1~5 INV1 INV2
(A) ~ (D) 4

(A) D1-C1-CC1-L0-R0 

(B) R0-L0-CC1-C1-L1-L2-CS2 

(C) E-L2-C2-CC1-L0-R0 

(D) CS2-C2-CC1-L0-R0

(3-2)~(3-5) 

(A), 

C11

C11
0

r1

2

1

CC
CCL

f       (3-2) 

(B), 

2S1C1C112S

1C12S
021

2r

2

1

CCCCCC
CCC

)LLL(
f    (3-3) 
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(C) 

1C2

1C2
02

3r

2

1

CC
CC

)LL(

f      (3-4) 

(D) 

2S1C1C222S

1C22S
0

4r

2

1

CCCCCC
CCC

L
f     (3-5) 

L1 = L2 << L0 C1 = C2 << CS2

(B)~(D) (3-2)~(3-5) (A) (3-2)
FDM, FFM

ZVZCS
3.5 iR iR1 iR2

1/2
3.6 iR1 Q1 iR1

E L1 Q1

R0 L0 CC C1 Q1

E L1 C1 CC L0

R0 iR2

iR1 iR2 iR1

iR2

3.2.2
2

3.1 IH
IH

(FB: Full Bridge) 
(SEPP: Single Ended Push-Pull) (4)~(7) FB 1/4 SEPP
1/2
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s

Mode1 Mode2 Mode3 Mode4 Mode5 Mode6 Mode7 Mode8 Mode9 Mode10

sG1

sG2

iR

iL1 iL2

iCS1 iCS2

iR1 iR2

vQ1

vQ2

iQ1

iQ2

t0 t1 t2 t3 t4 t5 t6 t7 t8 t9 t10

0 Ts

3.4  (2 ) 
Fig. 3.4 Operation waveforms of proposed circuit in Fig. 3.1 (Frequency doubler mode)   
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Mode3
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Mode5 Mode6

Mode7

Mode8

Mode9

Mode10

E

L1 L2
C2C1

D1 CC1 CS2
L0

R0

E

L1 L2
C2C1

D1 CC1 CS2
L0

R0

E

L1 L2
C2C1

D1 CC1 CS2
L0

R0

E

L1 L2
C2C1

S1 CC1 Cs2
L0

R0

E

L1 L2
C2C1

S1 CC1 CS2
L0

R0

E

L1 L2
C2C1

D2CC1CS1
L0

R0

E

L1 L2
C2C1

D2CC1CS1
L0

R0

E

L1 L2
C2C1

D2CC1CS1
L0

R0

E

L1 L2
C2C1

S2CC1CS1
L0

R0

E

L1 L2
C2C1

S2CC1CS1
L0

R0

3.5
Fig. 3.5 Switching operation modes and equivalent circuit of proposed circuit in Fig. 3.1 
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3.2.3
3.2.1 fr C1, CC, CS1, L0 C2, CC, CS2, L0

L1, CS1 L2, CS2 CC, 
C1, C2

(1)~(4) 
(1)  
(2)  CS1 CS2

(3) 2.5 kW IH
(4)

(1) CS1, CS2

3.7 (a), (b) CS1

ti di
Cdt

d
LE

0 1
1S

1 )(11 .      (3-6) 

 ( 0 )

)()1( 1
1S

1 sI
sC

sLE

22
1

1 )(
s

s
L
EsI . 

0

L

H

Gate signal of Q1

Q1on

Load current waveform iR1

iR1

[10 s/div]

[10 s/div]

3.6 Q1 C1

Fig. 3.6 Gate signal of Q1 and current waveform of C1
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S11

2 1
CL

cos)(
1

1 L
Ei (3-7) 

(b)

di
Cdt

diLL
t

0 2
S1

2
21 )(1)(0

( q0 ) 

1S

0
2

S1
221 )(1)()(0

sC
qsI

sC
ssILL

E
C1 C2

L1 L2

Q1 Q2CC
L0
R0

CS2CS1

i1

(a) Charge term 

CS2

C1 C2
L1 L2

Q1 Q2CC
L0
R0

CS1

E

i2

(b) Discharge term 
3.7 CS1

Fig. 3.7 Current path of lossless snubbing capacitor CS1
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22S
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IH 

IH 
2.5 kW CS1, CS2  (1), (2) 

C1, C2, CC FDM
 (3-2)

(1) ~ (3) FDM fr = 117 kHz, FFM fr = 73kHz
L1 = L2 = 32 H, Cs1 = Cs2 = 100 nF, C1 = C2 = 16 nF,  CC = 17.4, 800 nF 

3.2.4 FFT
3.2.3 FDM FFM

FFT(Fast Fourier Transform) 
(3-7), (3-8) 
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2 3 200 V IH VPCF
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A

tAIti sin2)(1R      (3-22) 

)(sin2)(2R tAIti      (3-23) 

=2 fsw

iR(t) iR1(t), iR2(t)

)()()( 2R1RR tititi

)()sin(2 1tAI     (3-24) 

, )}cos1({sintan 1
1 A/A

I ( )

AI cos1)(      (3-25) 

3.9 2

0 ° 180°, 
° 180° (3-19)

fout fsw A

3.3
3.10(a) (b) IH (c) 

Q1, Q2 IGBT  (Mitsubishi Electric Co. 

Ltd, CM50DY-24H) L1, L2 PC40 (TDK) 

, C1, C2, CC1, CC2 CS1, CS2

160 mm 200 mm 

(SUS430)  (0.03 mm × 1800 )

180 mm
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0
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0.8
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1.2
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(a) Fundamental frequency mode  (b) Frequency doubler mode 
3.9

Fig. 3.9 Theoretical curve of output power 

3.11

Q1, Q2 3.12

3.13 Texas Instruments DSP (Digital Signal Processor) Signal

NOT

(TLP351)

DC / DC

+15 V, -10 V

3.14 Q1

Q2 PSPWM

L

H

0

Gate driving signal of Q1

[10 s/div]

vQ1

Voltage waveform of Q1

[10 s/div]

Q1on

-1/TS t1 t2 1/TS

3.8 Q1 Q1

Fig. 3.8 Gate signal of Q1 and voltage waveform of Q1
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L1 L2

CS2CS1

Q1 Q2

C1

C2CC

(a) Main circuit 

Primary side
(Planertype working coil)

Secondary side
(IH objects)

IH Load

(b) IH load (c) Working coil 
3.10

Fig. 3.10 Exterior appearance of experimental setup 
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11 4

3
2

7
6
5
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13
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GSP-15104-1515

TLP350
1 8

7
6
54

3
2

E

Signal

Signal
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GND

3

104 (0.1 F)

(100 F)
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+15V0V-10V

G

1

4
3
2

E VGE
G

0V

8
7
6
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-10V
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+15V
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0V

0V

0V

0V+15V

+15V
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+5V
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3.12 
Fig. 3.12 Gate drive circuit 

3.11 
Fig. 3.11 Exterior of gate drive circuit 
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3.2 3.2.3
E 200 V

fsw 50 kHz 2 2.5 kW
fr fsw 2

100 kHz CC 17.4 nF 
2.5 kW 3.3

3.13 DSP 
Fig. 3.13 DSP 

vGS1 [10V/div]

[4 s/div]

GND

GND

vGS2 [10V/div]

3.14 
Fig. 3.14 Gate signals 
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3.2
Table 3.2 Design specifications for experimental analysis  

Cs1,Cs2

Item

Input DC voltage

Resonant inductors

Resonant link capacitors

Symbol

E

L1,L2

C1,C2

Value

200 V

32 H

16 nF

Switching frequency 50 kHz

Lossless snubbing capacitors 100 nF

fsw

Output frequency

Load resonant current frequency

fout

= fr

fout=50 kHz

fout=100 kHz

Series resonant capacitors CC

CC=17.4 nF
(fout=100 kHz)

CC=800 nF
(fout=50 kHz)

3.3
Table 3.3 Differences between load material and load constant 

copper

Non-magnetic
stainless steel

Iron

Metal material of
pan L0

2.6

R0 [ ]

Magnetic
stainless steel

14

23

9.2

22

36

Output current
frequency fout [kHz]

100

100

100
50

50
100

Aluminum 100 3.5

Remark: Work IH Load coil (43 turn and diameter 180 mm)
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3.4 FDM
FDM

3.4.1 FDM

3.15
2.5 

kW E = 280 V (3-28)  IH
(0.3kW) (2.5kW) 2  ( 0° 90°, 

90° 180°) 
iR FFT 3.16 iR

iR

50 kHz
90° 180°

0

0.5

1.0

1.5

2.0

2.5

3.0

0 30 60 90 120 150 180
Phase shift angle [°]

3.15 FDM  ( , E = 280 V) 
Fig. 3.15 Input power characteristics of FDM (Simulation, E = 280 V) 
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3.17 (3-27)
(WT3000) <150

1
3.2.1

 = 90
200 V 1.1 kW 280 V

Pin = 2.2 kW
PSPWM

0

5

10
15

20

25
30

35

0 30 60 90 120 150 180

50kHz
100kHz

Phase shift angle [°]

3.16 FDM FFT  ( , E = 280 V) 
Fig. 3.16 FFT analysis results of FDM (Simulation, E = 280 V) 

0

0.2

0.4

0.6

0.8

1

1.2

90 120 150 180
Phase shift angle [°]

Measured values
Theoretical values

3.17 FDM  ( ) 
Fig. 3.17 Input power characteristics of FDM (Experimentation) 
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3.4.2 FDM
3.18 (a)~(f) (  =180°) 3.4

(e), (f)
iR fout fsw 2 2

iR

iR1, iR2

3.19 (a), (b) Q1 3.20 (a), (b) Q2

ZVZCS
ZVS 2

3.21 (a), (b)  (  =110°) iR Q1, Q2

iR (3-28) PSPWM
2

iR 3.22 
(a), (b) 3.23 (a), (b) Q1, Q2
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iL1 [50A/div]

[4 s/div]

GND

GND

GND

iCS1 [40A/div]

vL1 [500V/div]

iL2 [50A/div]

[4 s/div]

GND

GND

GND

iCS2 [20A/div]

vL2 [500V/div]

 (a) Inductor and lossless snubbing capacitor of INV1    (b) Inductor and lossless snubbing capacitor of INV2 

[4 s/div]

GND

iC1 [20A/div]

[4 s/div]

GND

iC2 [20A/div]

(c) Resonant capacitor current iC1   (d) Resonant capacitor current iC2

GND

GND

[4 s/div]

iR[20A/div]

iQ1 [40A/div]

vQ1 [500V/div]

TS/2

TS

GND

GND

[4 s/div]

iR[20A/div]

iQ2 [20A/div]

vQ2 [500V/div]

TS/2

TS

      (e) Load current and switching waveforms of Q1       (f) Load current and switching waveforms of Q2

3.18 FDM  (  = 180°) 

Fig. 3.18 Operating waveforms of FDM (  = 180°) 
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 (a) Turn-on     (b) Turn-off 

3.19 Q1  (  = 180°) 

Fig. 3.19 Switching locus of Q1 (  = 180°) 
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 (a) Turn-on     (b) Turn-off 

3.20 Q2  (  = 180°) 

Fig. 3.20 Switching locus of Q2 (  = 180°) 
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GND

GND

[4 s/div]

iR[10A/div]

iQ1 [40A/div]

vQ1 [500V/div]

TS/2

TS

GND

GND

[4 s/div]

iR[10A/div]

iQ2 [40A/div]

vQ2 [500V/div]

TS/2

TS

    (a) Load current and switching waveforms of Q1     (b) Load current and switching waveforms of Q2 

3.21 Q1, Q2  (  = 110°) 

Fig. 3.21 Voltage and current waveforms of Q1, Q2 and load current waveforms (  = 110°) 
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3.23 Q2 (  = 110°) 

Fig. 3.23 Switching locus of Q2 (  = 110°) 
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3.22 Q1  (  = 110°) 
Fig. 3.22 Switching locus of Q1 (  = 110°) 
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3.4.3 FDM
FDM

100
in

out

P
P

       (3-26 ) 

Pin Pout Pin

Pout IH
3.24

(a) E iL1 iL2 iin Pin WT3000

(b) CC1 CC2 L0, R0 vout iR

WT3000
Pca ESR(Equivalent Series Resistance) Pout

WT3000
S0

0

2
RE

s
ca

1 Tt

t
dtiR

T
P       (3-27) 

(3-20) iR RE (ESR) 

C
R tan

E        (3-28) 

tan
(8)

E
CC2

L0

R0

CC1

iin

iR

vout

3.24
Fig. 3.24 Measured point of input/output power 
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3.25 (11)
3.26 (11) IH

FB 60 kHz
IH 3.25

0.5 ~ 1.1 kW

(0.3 kW) 
PSPWM 3.18 3.21 iQ1, iQ2

3.27
S1-D2-L2-L1 S2-D1-L1-L2

0
10
20
30
40
50
60
70
80
90

100

0 0.5 1 1.5 2
Input power Pin [kW]

Reference (11)
Proposed curcuit

3.25  ( ) 
Fig. 3.25 Power conversion efficiency characteristics (Low resistive material) 
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L1 L2

S1 D2

3.27
Fig. 3.27 Circulating current path 

Boost PFC converter Phase-shifted PWM HF inverter

vin
S2

S3

S4

S5S1

Diode Bridge

Q1

i0

iin
LPF

C1

D6

D7

L2
C2

D8

D9L1

Lf

Cf

D1 D3 CSN D5

D4

CS

LSN

CDC

D2

vDC

Q2

Q3 Q5

Q4vAB
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Fig. 3.26 Circuit component of reference (11) 
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3.4.4 FDM
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3.28
Fig. 3.28 Integral time condition of switching losses  

3.29 Pin = 1.1 kW Q1, Q2 56%
15%

IGBT
IGBT IGBT

IGBT 3 5 IGBT
2.0 V 1.7 V

Q1 Q2 1/2
1.1 kW 2% 

L1, L2

iQ1

vQ1

[2 s/div]

t0 t1 t2

Tt
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GND
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C1, C2, CC, Cs1, Cs2 ESR loss

Q1, Q2 Switching loss

L1, L2 conduction loss

Other

0

20

40

80

4.3W

L1, L2 Core loss
60 9.1W

11.5W

6W

45W

Q1, Q2 Conduction loss

11.2W

100

Total loss
87.1 [W]

3.29  (Pin = 1.1 kW , fout = 2fsw) 
Fig. 3.29 Loss analysis results (Pin = 1.1 kW, fout = 2fsw) 
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3.5 FFM
FFM

3.5.1 FFM
3.30 (3-27)

120 120
120

2 PSPWM

0

0.5

1

1.5

2

2.5

3

0 30 60 90 120 150 180
Phase shift angle [°]

Measured values
Theoretical values

3.30 FFM  ( ) 
Fig. 3.30 Input power characteristics of FFM (Experimentation) 
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3.5.2 FFM
3.31 (a)~(f)  = 20°, Pin = 2.5 kW

(e), (f) iR fout fsw 3.32(a), (b)
3.33 (a), (b) Q1, Q2 Q1, Q2

ZVZCS ZVS
3.34 (a), (b)  = 160°, Pin = 0.3 kW Q1, Q2 iR

iR fout fsw 2
3.35

iR FFT  =180
2

3.30
0.3 kW 3.36 (a), (b) 3.37 (a), (b) Q1, Q2

2
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GND
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iCS1 [40A/div]
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iL2 [50A/div]

[4 s/div]

GND
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iCS2 [40A/div]

vL2 [500V/div]

 (a) Inductor and lossless snubbing capacitor of INV1    (b) Inductor and lossless snubbing capacitor of INV2 
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GND

iC1 [10A/div]

[4 s/div]

GND

iC2 [10A/div]

(c) Current of resonant capacitor C1   (d) Current of resonant capacitor C2

[4 s/div]

vQ1 [500V/div]

iR [10A/div]

iQ1 [40A/div]

TS

TSGND

GND

[4 s/div]

vQ2 [500V/div]

iR [10A/div]

iQ2 [40A/div]

TS

TSGND

GND

        (e) Load and switching wavefprms of Q1        (f) Load and switching wavefprms of Q2

3.31 FFM  (  = 20 ) 
Fig. 3.31 Operating waveforms of FFM (  = 20 ) 
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3.32 Q1

Fig. 3.32 Switching locus of Q1
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3.33 Q2

Fig. 3.33 Switching locus of Q2
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3.35 FFM FFT  ( , E = 280 V) 
Fig. 3.35 FFT analysis results of FFM (Simulation, E = 280 V) 
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vQ2 [500V/div]

iR [10A/div]
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 (a) Load and switching waveforms of Q1        (b) Load and switching waveforms of Q2 

3.34 FFM Q1, Q2  (  = 160 ) 
Fig. 3.34 Voltage and current waveforms of Q1, Q2 and load current waveforms of FFM 

(  = 160 ) 
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3.36 Q1  (  = 160 ) 
Fig. 3.36 Switching locus of Q1 (  = 160 ) 
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3.37 Q2  (  = 160 ) 
Fig. 3.37 Switching locus of Q2 (  = 160 ) 
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3.5.3 FFM
3.38 FFM (11)

(11) IH
2 Pin = 2.5 kW 

96 % 1.5 kW (11)
1.5 kW

2

40
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60

70

80

90

100

0 0.5 1 1.5 2 2.5 3
Input power Pin [kW]

Reference (11)
Proposed curcuit

3.38 FFM
Fig. 3.38 Power conversion efficiency characteristics of FFM 
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3.5.4 FFM
3.39 Pin = 2.5 kW 3.4.4

FFM FDM Q1 Q2 IGBT
44%

17%
IGBT 5

1% 

C1, C2, CC, Cs1, Cs2 ESR loss

Q1, Q2 Switching loss

L1, L2 conduction loss

Other

0

20

40

80

3.7W

L1, L2 Core loss

60 8.8W

18.1W

6W

48W

Q1, Q2 Conduction loss

6.1W
100

Total loss
90.7 [W]

3.39 FFM  (Pin = 2.5 kW) 
Fig. 3.39 Loss analysis results of FFM (Pin = 2.5 kW) 
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4.1

3 1

3.1 IH

2
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2

4.2

4.1 2
3 2

L1, L2 LC

2
1

3 2

C1 C2

L1C L2C

Q1 Q2CC

L0

R0

E
CS2CS1

MiL1

iL2

4.1  ( ) 
Fig. 4.1 Time-sharing HF inverter with coupled inductor (Coupled circuit) 
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iL1

Flux by iL21:Flux by iL1

iL2

iL1

Flux by iL21:Flux by iL1

iL2

(a) fout=fsw       (b) fout=2fsw

4.2  (2 ) 
Fig. 4.2 Interlinkage magnetic flux of coupled inductor (Two legs configuration) 

(3)~(6)

fout fsw  (fout = fsw) FFM 0°
2  (fout = 2fsw) FDM =180 °

4.2 (a), (b) 2
2

(7), 

(8) 4.3 (a), (b) 3
2 (a) 

(b) 2
2

4.3

3
PSPWM PAM (Pulse 

Amplitude Modulation) 3 FDM , 
FFM

PFC
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(a) fout=fsw

    (b) fout=2fsw

4.3 (3 ) 
Fig. 4.3 Interlinkage magnetic flux of coupled inductor (Three legs configuration) 
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4.4

3 4.1

CS1, CS2 

 ( ) 

T
4.4.1 FDM

4.4 FDM =180° Q1

CS1 4.5
CS1

E -M L1C+M CS1 Trc

1SC1rc 2 CLT (4-1) 

CS1 CS1 L1C+M L2C+M 2 Trd

1S2CC1rd 22 CMLLT      (4-2) 
M k

21 LLkM       (4-3) 

0

[10 s/div]
Voltage and current waveforms of Q1

iQ1

vQ1

L

H

Gate signals of Q1, Q2

Q2onQ1on

[10 s/div]

4.4 Q1 Q1, Q2  ( =180°)
Fig. 4.4 Voltage and current waveforms of Q1 with gate signals of Q1 and Q2
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2 CS1  Trc 1/4
Trd 1/4

rdrcS 4
1

2
1 TTT (4-4)

4.4.2 FFM
4.6 = 0° CS1 4.5

T 4.7 CS1

CS1 E (-M) (L1C+M) CS1

(4-1)

rcS TT (4-5) 
k L1C+M

3 L1 L1C M (3-11)

1200 V
k 0.17

FDM, FFM
L1C = L2C = 32 H, M = 5.2 H, k = 0.16 4.8

k
(10) TDK PC40

500

C1 C2

L1C+M L2C+M

Q1 Q2CC

L0

R0

E
CS2CS1

-M

4.5 CS1  ( =180°)

Fig. 4.5 Charge and discharge current path of CS1 ( =180°)
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Gate signals of Q1, Q2

[10 s/div]

Q1on, Q2on

vQ1

iQ1

Voltage and current waveforms of Q1

4.6 Q1 Q1, Q2  ( = 0°)

Fig. 4.6 Voltage and current waveforms of Q1 and gate signals of Q1 and Q2 ( = 0°)

C1 C2

L1C+M L2C+M

Q1 Q2CC
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R0

E
CS2CS1

-M

4.7 CS1  ( = 0°)

Fig. 4.7 Charge and discharge current path of CS1 ( = 0°)
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4.5
(11)

4.9

1. Ae (480 mm2) 

2. B

q p iLmax

Q

qp
NiQ

22
Lmax  (4-6) 

4.9 l

eAQl (4-7) 
Vn

en )(2 AlllV g

eee )()(2 AlAQAQ g (4-8) 
lg

iLmax N lg

4.8
Fig. 4.8 A prototype coupled inductor  
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L12C iLmax, iL-rms = 0° = 180°

PAM
4.2

4.3 1
42% 
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4.1
Table 4.1 Parameter for calculating core size 

q

Item

p

Cross section area

Density of magnetic flux

Symbol

Current density

Ae

B

L1

Lamination factor

L2 L12C

3 A/mm2

480 mm2

300 mT

0.5

iLmaxMaximum current (fout=50 kHz) 65 A 62 A 58 A

iLmaxMaximum current (fout=100 kHz) 62 A 70 A 55A

RMS current (fout=50 kHz) iL-rms 36 A 40 A 32 A

RMS current (fout=100 kHz) iL-rms 36 A 39 A 29 A

Winding area: Q

Cross-section area: Ae

2l

l-lg1
Coil turns

numbers: N lg1

(a) Non-coupled inductor 

Winding area: Q

Cross-section area: Ae

Coil turns
numbers: NCoil turns

numbers: N

2l

l-lg2
lg2

(b) Coupled inductor 
4.9

Fig. 4.9 Inductor core for calculating volume 
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4.3 ( ) 
Table 4.3 Comparison of inductor core size (Calculation) 

Volume [pu]
L1+L2 L12C

0.581

Product
Non-coupled circuit Coupled circuit

4.2
Table 4.2 Circuit specifications of coupled-circuit operation analysis 

Cs1,Cs2

Item

M

Self inductors

Resonant link capacitors

Symbol

Mutual inductor

L1C, L2C

C1,C2

Value

5.2 H

32.2 H

16 nF

Switching frequency 50 kHz

Lossless snubbing capacitors 100 nF

fsw

Output frequency

Load resonant current frequency

fout

= fr fout=50 kHz

fout=100 kHz

Series resonant capacitor CC

CC=17.4 nF
(fout=100 kHz)

CC=800 nF
(fout=50 kHz)

Inductance of IH load
(Copper:fout=100 kHz,

Magnetic stainless steel:fout=50 kHz)
L0

220 H
(fout=100 kHz)

Resistance of IH load
(Copper:fout=100 kHz,

Magnetic stainless steel:fout=50 kHz)
R0

(fout=100 kHz)

300 H
(fout=50 kHz)

23
(fout=50 kHz)

Coupling co-efficient k 0.16



4

99 

4.6
4.4 PAM

(GPO250-30R, Takasago Ltd.)
4.2 IH 160 mm

200 mm (SUS430) FDM
CC 17.4 nF FFM

CC 800 nF 3

4.6.1 FDM
4.10 =180 ° 3

V Pin = kW
2.5 kW V

PFC 4.11 E
=213 V, Pin=0.84 kW Q1

2 100 kHz 4.12 Q1

Q1 ZVZCS ZVS
2

Q2

4.13
PAM PSPWM

Pin = 0.3 kW 37 % 
 87 % 50 % 4.14

E = 150 V, Pin = 0.42 kW
3

4.15  (
(12)) 3 0.5 kW

PAM
(12)
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GND

GND

[4 s/div]

iR[20A/div]

iQ1 [40A/div]

vQ1 [500V/div]

TS/2

TS

4.11 FDM  ( =180°, Pin= 0.84 kW) 
Fig. 4.11 Frequency doubler mode operation waveforms ( =180°, Pin= 0.84 kW) 

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

0 50 100 150 200 250
Input voltage E [V]
4.10 (fout =2 fsw) 

Fig. 4.10 Input power regulation characteristic (fout =2 fsw) 
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Coupled circuit
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Input power Pin [kW]
4.13  (fout = 2 fsw) 

Fig. 4.13 Comparison of power conversion efficiency (fout = 2 fsw) 
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4.12 Q1  ( = 180°, Pin = 0.84 kW) 
Fig. 4.12 Switching locus of Q1 ( = 180°, Pin = 0.84 kW) 
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60
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0 0.5 1 1.5 2
Input power Pin [kW]

Reference (12)
Proposed circuit

4.15 (12)
Fig. 4.15 Comparison of power conversion efficiency of proposed circuit and reference (12) 

C1, C2, CC, CS1, CS2 ESR loss

Q1, Q2 Switching loss

L1, L2 conduction loss
Other

10

20

40

2.2 W
30

8.3 W

7.1 W

25.7 W
Q1, Q2 Conduction loss

4.7 W
50

Total loss
46.9 [W]

4.14  (Pin = 0.42 kW, fout = 2 fsw) 
Fig. 4.14 Loss analysis (Pin = 0.42 kW, fout = 2 fsw) 
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4.6.2 FFM
4.16 E E = 60 ~ 190 V

Pin = 0.3 ~ 2.5 kW 4.17 = 0 °, E = 190 V, Pin = 2.5 kW
50 kHz

4.18 Q1

Q2

FFM
4.19 PAM

Pin = 0.3 kW 47 % 86 % 39 %
PAM

4.20 E = 150 V, Pin = 1.48 kW
FDM

4.21  ( (12)) 3 (12)
1.5 kW PAM

(13) PFC 2.5 kW(
270 V) 95.6 % PFC

0.5~2.5 kW ( 110 270V)
PFC 93.8 ~ 95.6 % PFC

1.4 % PFC 4.13, 4.19
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0
0.5

1
1.5

2
2.5

3

0 50 100 150 200 250
Input voltage E [V]

4.16  (fout = fsw) 
Fig. 4.16 Input power regulation characteristics (fout = fsw) 

GND

GND

[4 s/div]

vQ1 [500V/div]

iR [10A/div]

iQ1 [40A/div]

TS

TS

4.17 FFM  ( = 0°, Pin = 2.5 kW) 

Fig. 4.17 Fundamental frequency mode operation waveforms ( = 0°, Pin = 2.5 kW) 
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Non-coupled circuit

Input power Pin [kW]
4.19  (fout = fsw) 

Fig. 4.19 Comparison results of power conversion efficiency (fout = fsw) 
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4.18 Q1  ( = 0°, Pin = 2.5 kW) 
Fig. 4.18 Switching locus of Q1 ( = 0°, Pin = 2.5 kW) 
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Fig. 4.21 Comparison of power conversion efficiency of proposed circuit and reference 12 

C1, C2, CC, CS1, CS2 ESR loss
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L1, L2 conduction loss

Other
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100

Total loss
98.7 [W]

4.20  (Pin = 1.48 kW, fout = fsw)  
Fig. 4.20 Loss analysis results (Pin = 1.48 kW, fout = fsw)  
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4.7
L1, L2

3
PSPWM

PFC PAM

(1) PAM
3 42 % 

(2) PSPWM PAM

(3) FDM FFM

(4)
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5 IH

5.1 
IH IH

IH
3

5.2
5.1 (1) ~ (3) 

(Common Inverter Block: 
CIB) (Resonant Load Block: RLB)

SEPP

PDC (Pulse Delay Control) 

RLB 1/2
RLB

CIB RLB

CIB RLB
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 (k = 1, 2, )
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1S kN (k = 1, 2, 3, )     (5-1) 

CCnA, CCnB FDM FFM
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IH 

3

S1
S3

S2 S4
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Rn
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Dn-1

Cr3

R3
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5.1 Series-Resonant Multi-inverter 
Fig. 5.1 Series-Resonant Multi-inverter 
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5.3.1
PSPWM IH 

1 3 2
5.3 (a), (b) 2

SLPSPWM, ZZPSPWM Q1 Q2

Load1 Q2 Q3 Load2
2 1, 2

2
 A (Series Lagging PSPWM) 

SLPSPWM Q1 Q2 Load1

1 1

Q2 Q3

Load2 2

IH

Q1on

Q2on

Q3on

1

2SG3

SG2

SG1
t

t

t

Q1on

Q2on

Q3on

1

2

t

t

t

SG1

SG2

SG3

(a) Type A (Series lagging PSPWM)            (b) Type B (Zigzag PSPWM) 
5.3

Fig. 5.3 Two types of phase-shift method 

E

L1 L2

C1BC1A

Q1

CC1A
CS1 Q2

L3
C2B

CC1B
Q3CS2 CS3

C2A

CC2A CC2B

L01

R01

L02

R02

.... .
Lk+1

CkB

Qk+1
CCkA

CSk+1

CkA

CCkB

L0n

R0n

5.2 IH
Fig. 5.2 Proposed multiple-output HF inverter for IH cooking appliances 
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Load1 Load2 FFM
FFM 2 FFM, FDM

2 > 1 5.4 (CS3-L3-L1-C1A-CC1-L01-R01)
SLPSPWM FDM

5.5
iCS3 iCS1

FFM A FFM FDM

E

L2 L3

CS2 CS3

(a) Fundamental frequency mode & fundamental frequency mode 

E

L2

CS1

L3

CS2 CS3

L1

L01
R01

C1A

CC1B

(b) Fundamental frequency mode & frequency doubler mode 
5.4 A

Fig. 5.4 Resonant circulating current flow with all switching devices off condition under 
series lagging PSPWM. 
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 B (Zigzag PSPWM) 
ZZPSPWM Q1 Q2 Load1

1 1

Q2 Q3

Load2 2 IH

Load1, Load2 FFM
FFM 2 IH FFM, FDM

1 = 70°, 2 = 240° 5.4 (a) 
Load1

5.6
SLPSPWM  iCS3 iCS1

1

5.1
ZZPSPWM

0

[10 s/div]

iCS3iCS1

iCS2

5.5 A
Fig. 5.5 Lossless snubbing capacitor current with type A 
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0

[10 s/div]

iCS3 iCS2 iCS1

5.6 B
Fig. 5.6 Lossless snubbing capacitor current with type B 

5.1  (k = 2) 
Table 5.1 Individual power control capability (k = 2) 

Zigzag Phase-shift Series lagging
PSPWM

Load1: FFM
Load2: FFM
Load1: FFM
Load2: FDM
Load1: FDM
Load2: FFM

×
×
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5.4
2

3  (A), (B), (C) 
(A)  fLoad1 : FFM ( ), f Load2 : FFM ( ) 
(B)  fLoad1 : FFM ( ), fLoad2 : FDM ( ) 
(C)  fLoad1 : FFM ( ), fLoad2 : FDM ( ) 
5.4.1

5.2 E 
100 V 3 4 FFM, FDM

50 kHz, 100 kHz
CS1 = CS2 = 120 nF, 

CS2 = 80 nF FFM (SUS430), FDM 
3

FFM CnA, CnB 800 nF FDM CnA, CnB 17.4 nF 

5.4.2
Pout 3

(A)  fLoad1 : FFM ( ),  f Load2 : FFM ( ) 
5.7 1 70° 2 70~180

Load1 Load2

5.8 (a), (b) iR1, iR2 Q1

vQ1, iQ1 (a) 1 2 70°
IR1=3.13 A, IR2=3.11 A (b)

1 70°, 2 120° IR1 3.13 A IR2 1.97 A
IR1 IR2 5.9 (a), 

(b) 1 2 70° 5.10 (a), (b) 1 70°, 2 120° Q1

ZVZCS ZVS Q2, Q3

Q1 IQ1=8.22 A, 
IQ2=12.7 A, IQ3=8.04 A (1)
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(B)  fLoad1 : FFM ( ),  fLoad2 : FDM ( ) 
5.11 2 170° 1 70 ~ 180

Load2 Load1
(A) 2 IH

5.12 (a), (b) iR1, iR2 Q1

vQ1, iQ1 (a) 1 70°, 2 170°

5.2 
Table 5.2 Design specifications for experimental analysis 

Lk

Input DC voltage

Resonant inductors

E

32 H

100 V

Cs1, Cs3

Item

Resonant link capacitors

Symbol

CkA,CkB

Value

16 nF

Switching frequency 50 kHz

Lossless snubbing capacitors 120 nF

fsw

Output frequency

Load resonant current frequency

fout

= fr fout=50 kHz

fout=100 kHz

Resonant capacitor for fout=100 kHz CCkA 17.4 nF

800 nF

*1Load inductance(Copper: =160 mm)
L0n

220 H

*1Load resistance(Copper: =160 mm)
R0n

300 H

23

Resonant capacitor for fout=50 kHz CCkB

Lossless snubbing capacitor Cs2 80 nF

*2Load inductance(Stainless: =200 mm)

*2Load resistance(Stainless: =200 mm)

*2; Measured frequency: 50 kHz
*1; Measured frequency: 100 kHz
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IR1 = 3.33 A, IR2 = 8.18 A (b)

1 120°, 2 170° IR1 2.2 A IR2 8.21 A
IR2 IR1

5.13 (a), (b) 5.14 (a), (b) Q1

ZVZCS ZVS
Q2, Q3 Q1

IQ1=8.49 A, IQ2=11.1 A, IQ3=10.2 A (A)

0

50

100
150

200

250
300

350

60 80 100 120 140 160 180 200
Phase shift angle [°]

Load2
( : Varied)

Load1
( =70 °: Fixed)

5.7 ( (A)) 
Fig. 5.7 Output power characteristics (Operation mode (A)) 

GND

GND

[4 s/div]

vQ1 [250V/div]

iR1, iR2 [5A/div]

iQ1 [20A/div]

GND

GND

[4 s/div]

vQ1 [250V/div]

iR1 [5A/div]
iR2 [5A/div]

iQ1 [20A/div]

(a) 1 = 70°, 2 = 70°                   (b) 1 = 70°, 2 = 120°

5.8 ( (A)) 
Fig. 5.8 Operation waveforms (Operation mode (A)) 
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(C)  fLoad1 : FFM ( ),  fLoad2 : FDM ( ) 
5.15 1 70° 2 170 ~ 260°

Load1 Load2
(A) 2 IH

5.16 (a), (b) iR1, iR2 Q1

vQ1, iQ1 (a) 1 70°, 2 180°
IR1 = 3.25 A, IR2=7.29 A (b) 

1 70°, 2 240° IR1 3.13 A, IR2 2.09 A

-30

-20

-10

0
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20

30

-100 0 100 200 300 400 500
Voltage vQ1 [V]

-5

0

5

10

15

20

-100 0 100 200 300 400 500
Voltage vQ1 [V]

(a) Turn-on                 (b) Turn-off 
5.10 Q1  ( 1 70°, 2 120°) 

Fig. 5.10 Switching locus of Q1 ( 1 70°, 2 120°) 

-30

-20

-10

0
10

20

30
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Voltage vQ1 [V]

-5

0
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20

-100 0 100 200 300 400 500
Voltage vQ1 [V]

(a) Turn-on              (b) Turn-off 
5.9 Q1  ( 1 2 70°) 

Fig. 5.9 Switching locus of Q1 ( 1 2 70°) 
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0
50

100
150
200
250
300
350
400

60 80 100 120 140 160 180 200

Load2: Copper
( =170 °: Fixed)

Load1: Stainless
( : Varied)

Phase shift angle [°]

5.11 ( (B)) 
Fig. 5.11 Output power characteristics (Operation mode (B)) 

GND

GND

[4 s/div]

vQ1 [250V/div]

iQ1 [20A/div]

iR2 [10A/div] iR1 [5A/div]

TS/2

TS

GND

GND

[4 s/div]

vQ1 [250V/div]

iR1 [5A/div]iR2 [10A/div]

iQ1 [20A/div]

TS/2

TS

(a) 1 = 70°, 2 = 170°          (b) 1 = 120°, 2 = 170°
5.12 ( (B)) 

Fig. 5.12 Operation waveforms (Operation mode (B)) 
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0
5

10

15

20
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Voltage vQ1 [V]

(a) Turn-on             (b) Turn-off 
5.13 Q1  ( 1 = 70°, 2 = 170°) 

Fig. 5.13 Switching locus of Q1 ( 1 = 70°, 2 = 170°) 
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0
50

100
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300
350
400

180 200 220 240 260

Load2: Copper
( :Varied)

Load1: Stainless
( =70 ° Fixed)

Phase shift angle [°]

5.15  ( (C)) 
Fig. 5.15 Output power characteristics (Operation mode (C)) 

GND

GND

[4 s/div]

vQ1 [250V/div]

iQ1 [20A/div]

iR2 [10A/div]

iR1 [5A/div]

TS/2

TS

GND

GND

[4 s/div]

vQ1 [250V/div]

iQ1 [20A/div]

iR2 [10A/div]

iR1 [5A/div]

TS/2

TS

(a) 1 = 70°, 2 = 180°                     (b) 1 = 70°, 2 = 240°
5.16  ( (C)) 

Fig. 5.16 Operation waveforms (Operation mode (C)) 
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(a) Turn-on                 (b) Turn-off 
5.14 Q1  ( 1 = 120°, 2 = 170°) 

Fig. 5.14 Switching locus of Q1 ( 1 = 120°, 2 = 170°) 
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IR1 IR2

5.17 (a), (b) 5.18 (a), (b) Q1

ZVZCS ZVS
Q2, Q3 Q1

IQ1 = 8.20 A, IQ2 = 12.2 A, IQ3 = 9.6 A (A) 
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Voltage vQ1 [V]

(a) Turn-on                 (b) Turn-off 
5.17 Q1  ( 1 = 70°, 2 = 180°) 

Fig. 5.17 Switching locus of Q1 ( 1 = 70°, 2 = 180°) 
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5.18 Q1  ( 1 = 70°, 2 = 240°) 

Fig. 5.18 Switching locus of Q1 ( 1 = 70°, 2 = 240°) 
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5.5
3 2

(i)   fLoad1 : FFM, fLoad2 : FFM, fLoad3 : FFM 
(ii)  fLoad1 : FFM, fLoad2 : FDM, fLoad3 : FFM 

5.2 L4 = 32 H, C3A = C3B = 16 nF, 
CSn4 = 120 nF E = 280 V 
(i)  fLoad1 : FFM, fLoad2 : FFM, fLoad3 : FFM 

5.19 1 2 70°, 80°

3 90° ~ 170° Load3
Load3 Load2

Load3 Load2
Load2 2

2.5 kW Load2
Pout = 2.5 kW 10 % 

0

0.5

1

1.5

2

2.5

3

180 210 240 270 300
Phase shift angle [°]

fLoad1 = 50 kHz ( 70°, Fixed)

fLoad2 = 50 kHz ( 80°, Fixed)

fLoad3 = 50 kHz ( :Varied)

5.19  ( (i)) 
Fig. 5.19 Output power characteristics (Operation mode (i)) 
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(ii)  fLoad1 : FFM, fLoad2 : FDM, fLoad3 : FFM 
CCnB CCnA , IH  (L02, R02) 220 H, 2.6 5.20

1 2 70°, 190° 3

30°~110° Load3 Load2

3 Load2
FFM

Load2
Load2 Pout = 2.5 kW 

20 % FDM FFM
10 % 

FFM FDM IH

0

0.5

1

1.5

2

2.5

3

0 20 40 60 80 100

fLoad1 = 50 kHz ( =70°, Fixed)

fLoad2 = 100 kHz ( =190°, Fixed)

fLoad3 = 50 kHz ( :Varied)

Phase shift angle [°]

5.20  ( (ii)) 
Fig. 5.20 Output power characteristics (Operation mode (ii)) 
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5.6
3

5.21
IH 2

(
Thermo Shot F30W)

(6) 100 395 W/m K
72 W/m K

5.22 IH 5.23
3 4

5.24 5.25
Load1 600 W (a) 20 (b)

140 Load2

5.26

HF inverter

Working Coil

IH Load

Work coil 1
0 W

Work coil 2
Full power

5.21  ( ) 
Fig. 5.21Experimental concept of low power (Free-zone heating) 
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5.22 IH
Fig. 5.22 Exterior of IH load for experimental setup 

5.23 
Fig. 5.23 Exterior of working coils for experimental setup 
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(a) 20 sec. 

(b) 140 sec. 
5.24

Fig. 5.24 Thermography results of low power 
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t

t

Work coil 1

Work coil 2

iR(IHload1)

iR(IHload2)

5.26
Fig. 5.26 Time-sharing power distribution 

HF inverter

Work Coil

IH Load

Alternating field

5.25
Fig. 5.25 Measurement method by using thermography 
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5.7
IH

5.27
IH IH 5.6

2 60 mm
(a) L01 L02 L R

(b) L001, L002 R001, R002

M
RM AB iA

CD vCD 5.28

MjR
I

V
M

A

CD       (5-2) 

002001 LL
Mk        (5-3) 

k =0.00017 M =0.055 H, L001=328 H, L002= 322 H

Q1 Q2 5.8

60 mm

IH
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L01 R

L02

L

A

B
C

D

iA

vCD

(a) 

(L001-M)
A

B

C

D

M

RM

(R001-RM) (L002-M)(R002-RM)

iA

vCD

(b) 
5.27 IH

Fig. 5.27 IH load model for calculation of coupling coefficient 

vCD [1V/div]

iA [10A/div]

GND

GND

[4 s/div]

5.28 L01 L02

Fig. 5.28 Experimental waveforms for current through L01 and induced voltage on L02
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5.8
3

(1) Zigzag PSPWM FDM FFM

(2)
(3) IH FDM FFM

(4)

(5) 60 mm

3
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